OBJECTIVES: Survival after surgical repair of a ventricular septal defect (VSD) is good, but, as in almost all congenital heart diseases, late complications are frequent in adulthood. The exact mechanisms, timing and who is at risk are not fully understood. Altered cardiac autonomic nervous system (ANS) activity might play a role in these long-term sequelae. The aim of this study was to extensively evaluate children late after VSD repair including their cardiac ANS activity, cardiac function and exercise capacity.
INTRODUCTION
A ventricular septal defect (VSD) is classified as a simple defect, and the prognosis is generally believed to be excellent after surgical repair. In childhood, most children indeed do well; however, it is known that cardiac symptoms, reduced quality of life and cardiac events often resurface in adulthood [1] and survival is less in patients with a congenital heart disease compared to the general population [2] . Even in this simple and 'easily cured' defect, evidence is starting to emerge on long-term sequelae in patients after VSD repair [3, 4] . The time course of this late deterioration in VSD patients, patients who are at risk and the prognostic factors are not known. Altered cardiac autonomic nervous system (ANS) activity has been shown to be associated with cardiovascular disease [5, 6] , and it is plausible that it also plays a role in late outcome in congenital heart disease. Long-standing preoperative and/or perioperative myocardial damage causing chronic alterations in ANS control may play a role in the longterm sequelae. The altered function of the ANS in cardiovascular disease is mainly characterized by decreased parasympathetic and increased sympathetic activity, potentially causing increased cardiac load, fibrosis and decreased electrical stability [7] . To date, no case-control studies have been performed on cardiac ANS activity in paediatric patients with a repaired VSD.
The aim of this study was to extensively evaluate cardiovascular status in children, long after surgical VSD repair. In addition to the standard clinical evaluation of cardiac function and exercise capacity, 24-h ambulatory cardiac ANS activity and exercise heart rate (HR) dynamics were investigated. Also, the relationship between cardiac ANS control and cardiac function was explored. To this end, ambulatory impedance cardiography (ICG), detailed cardiac echocardiography and cardiopulmonary exercise testing were performed in patients after VSD repair and in a group of healthy controls.
MATERIALS AND METHODS

Participants
Patients with a surgical closure of an isolated VSD from the outpatient clinic aged 8-18 years were asked to participate. All surgical procedures were performed through a right atriotomy via a median sternotomy on cardiopulmonary bypass. Children with chromosomal disorders were excluded. At the time of the study, none of the patients had a residual VSD. Additionally, 2 groups of healthy control subjects were recruited. The first group [healthy controls (1)] were age-and gender-matched to the patients and served as a control group for the cardiac function and ANS activity. These volunteers were recruited through advertisement at schools in the vicinity of the hospital. The second control group [healthy controls (2) ] came from a previously described cohort [8] and served as a control group for exercise HR dynamics. All participants and both (one in the case of singleparent families) of their parents/guardians provided written informed consent. All study procedures were reviewed and approved by the Medical Ethics Review Committee of the LUMC (P13.198 and P14.095).
Ambulatory cardiac autonomic nervous system measurement ICG measured in combination with electrocardiography (ECG) is a non-invasive tool to measure cardiac ANS control and cardiac output (CO) and can be used in an ambulatory setting [9, 10] , which may have the highest clinical relevance. 24-h ECG and ICG registrations were done using the 5fs version of the VU-ambulatory monitoring system (VU University, Amsterdam, Netherlands, www.vu-ams.nl) [9] . One-lead ECG was derived from 3 pregelled Ag/AgCl (Kendal H124SG) spot electrodes on the chest. ECG was sampled at 1 kHz. Thoracic impedance (Z) was sampled at 250 Hz and was conducted by introducing a small alternating current (50 kHz, 350 mA) through the thorax, also by the use of spot electrodes. The measuring electrodes were placed just above and below the sternum. Current electrodes were placed 3 cm above and below the measuring electrodes on the back of the thorax. Ectopic beats were removed from the data before analysis.
Sympathetic nervous system (SNS) control was measured by the pre-ejection period (PEP), as it is a measure of ventricular contractility [11] . PEP is defined as the time interval between the ventricular electrical depolarization (i.e. Q-wave onset in the ECG signal) and the start of the left ventricular outflow (i.e. the B-point in the ICG signal). A shorter PEP reflects higher sympathetic control. Parasympathetic nervous system control was measured by respiratory sinus arrhythmia (RSA) [12] . RSA was calculated using the peak valley method [13] by combining the respiration signal, extracted from the thorax impedance signal (dZ) and the interbeat interval time series. This method scores RSA by subtracting the shortest inter-beat interval during inhalation from the longest inter-beat interval during exhalation. If no shortest or longest inter-beat interval could be detected, RSA was set to zero for that breath. A higher RSA reflects higher parasympathetic control. Stroke volume was estimated using an adjusted Kubicek formula [14] . CO was calculated as HR Â stroke volume.
Reviewing the activity diary filled in by the participant in combination with the inbuilt accelerometer data from the VU-ambulatory monitoring system device, the 24-h recording was divided into fixed periods and coded for activity. The minimum duration of a period was 5 min and the maximum duration 60 min. Ensemble averaged ICG and ECG over these periods were analysed. Ultimately, for each subject, the mean HR, RSA, PEP and CO were calculated for sleeping (mean of all sleeping labels), sitting (mean of watching TV, reading, computer), active sitting (class, crafts, homework), light physical activity (walking, chores) and heavy physical activity (cycling, gymnastics, playing).
Echocardiogram
Transthoracic echocardiograms (Vivid 9, GE Healthcare, Norway) were performed by a paediatric cardiologist or an experienced technician and evaluated by one researcher, supervised by a paediatric cardiologist. Images were stored and analysed offline using EchoPac software (GE Healthcare). Left ventricular longitudinal global peak strain (%) was obtained from the apical 4-chamber view using speckle-tracking strain analysis as previously described [15] . Biventricular performance was characterized using pulsed-wave tissue Doppler imaging, also obtained from the apical 4-chamber view. Myocardial velocity curves were obtained for the left and the right ventricular (RV) walls and the intraventricular septum. Peak systolic velocity (S 0 ) and peak early (E 0 ) and late (A 0 ) diastolic velocities (in cm/s) were assessed in 3 consecutive heartbeats; the average was used for analysis.
Cardiopulmonary exercise test
In all patients, cardiopulmonary exercise testing was performed at the LUMC, Leiden, The Netherlands. The test was performed in upright position on a cycle ergometer (GE Healthcare; type R3x 10416054 SA, version V6.61). The protocol consisted of ramp with workload increasing each minute; starting wattage and increment per minute were defined by the physician. Patients were encouraged to exercise until exhaustion. Peak maximal oxygen consumption (VO 2peak ) was defined as the highest of 2 consecutive values of 10 s averages of VO 2 . For the healthy control group that underwent echocardiography and 24-h ICG monitoring, but no exercise testing, VO 2peak was estimated using a prediction equation [16] to include VO 2peak as a covariate in the analysis of ANS. Exercise testing in the healthy controls (2) group was performed at Erasmus University Medical Centre as described elsewhere [8] . Peak HR was defined as the highest HR achieved during exercise. HR reserve was calculated as the difference between the peak HR and the resting HR. HR recovery was calculated as the peak HR minus the HR 1 min after exercise cessation.
Weekly physical activity
Participants were queried on their weekly physical activity by the use of a short lifestyle interview described in detail elsewhere [17] . In short, voluntary exercise behaviour, activity related to transportation (cycling or walking) and compulsory physical education classes were queried. Each activity was converted into a metabolic equivalent task (MET) score [18] , which was then multiplied by the duration of activities and summed to get a weekly MET-hour score.
Statistical analyses
IBM SPSS statistics software (version 23.0, Armonk, NY, USA) was used for statistical analysis. We fitted a linear-mixed model to study the differences in HR, PEP, RSA and CO between the healthy control and the patient group. Because RSA was skewed, its natural log transformation was used for further analysis (lnRSA). In the mixed model, we treated activity as a withinsubject factor with 5 levels (sleep, inactive sitting, active sitting, moderate physical activity and heavy physical activity), and we treated group as a between-subject factor, with 2 levels (healthy control and VSD patient). In the model, a random intercept was allowed over persons. Physical activity and exercise capacity were entered in the model as covariates as differences in ANS activity might partly be explained by physical activity and exercise capacity [19] . Additionally, breathing frequency was included as a covariate in the analysis of RSA. Differences in exercise capacity between the 2 groups that performed the exercise test were evaluated by means of an independent t-test. For comparisons of 10 echocardiographic parameters and 3 exercise HR dynamics parameters between groups, 2 multivariate analyses of variance were carried out. In case of significance of the omnibus group effect (P < 0.05), post hoc testing on each separate variable used a Bonferroni correction of the overall P-value. Finally, a correlation matrix was computed in the patient group for the echocardiographic parameters and ambulatory cardiac ANS parameters PEP and RSA during sleep to gain insight into the relationship between them.
RESULTS
Characteristics of the participants can be found in Table 1 . Gender, age, length, weight and weekly physical activity were not different between groups. Follow-up time was on average 10 years. All participants showed a normal ECG, except for a partial bundle branch block in 7 (21%) patients and a complete bundle branch block in 5 (15%) patients. Table 2 Figure 1 displays an example of a 24-h profile of PEP, RSA, CO and HR of a VSD patient and an age-and gender-matched control subject. In Fig. 2 , estimated marginal means for HR, CO, PEP and RSA averaged over 5 activity categories in the 2 groups are visualized. 
Values were expressed as mean (SD). FU: follow-up; HR: heart rate; PVCs: premature ventricular contractions; RSA: respiratory sinus arrhythmia; SD: standard deviation; VSD: ventricular septal defect. Multivariate analysis of variance of the 10 parameters of cardiac function revealed a significant effect of group [Pillai's trace, V = 0.420, F(10, 73) = 5.29, P < 0.0001]. Test of between-subject effects per parameter showed that the RV function measured by tissue Doppler imaging was significantly lower in patients compared with the controls (tissue Doppler imaging RV S 0 : P < 0.0001, E 0 : P = 0.0001, A 0 : P < 0.0001; Table 3 ). VO 2peak was significantly lower in patients compared with the control groups (P < 0.001). Multivariate analysis of variance of the 3 parameters of exercise HR dynamics revealed a significant effect of group [Pillai's trace, V = 0.136, F(3, 162) = 8.456, P < 0.0001]. Test of between-subject effects per parameter showed that HR reserve was lower in patients than controls (P < 0.0001, Table 4 ).
In the patient group, no significant relationship was found between basal cardiac function and ambulatory cardiac ANS activity. The correlation matrix is presented in Table 5 . Correlations for the healthy control group showed similar results (data not shown).
DISCUSSION
The purpose of this study was to evaluate cardiac ANS, cardiac function and exercise capacity in children after VSD repair. The main findings were that 10 years after surgical VSD repair, exercise tolerance, ambulatory CO and RV function were significantly decreased in patients compared with age-and gender-matched controls. Cardiac ANS control does not seem to be altered, and basal cardiac ANS control is not related to cardiac function.
This study is the first case-control study on ambulatory ANS activity in paediatric patients with a repaired VSD. In this study, no significant differences were found in terms of cardiac ANS control between the patients and the controls using ambulatory ECG and ICG measurement. It is well known that disturbed cardiac ANS control is related to adverse cardiovascular outcomes [5, 6] . Based on the findings of this study, we conclude that an altered ANS function does not yet play a role during childhood in patients after VSD repair. In this study, at an average of 10 years after repair, we did find reduced RV function and exercise capacity that may, with time, cause ANS alterations.
Altered cardiac ANS control may also be unmasked by a change in HR dynamics. Exercise-related HR dynamics have been used to predict future cardiac events and mortality [20, 21] . HR recovery, peak HR and HR reserve are considered the most useful. Several authors have reported a lower peak HR in patients after VSD repair [22] . In contrast, Norozi et al. [23] and this study did not find a difference. Heiberg et al. [24] found a lower peak HR in patients with a right bundle branch block but not in those with normal ventricular conduction. In our sample, no difference was found between the patients with and without conduction disorder (data not shown). Binkhorst et al. [22] reported a lower peak HR in repaired but not in unrepaired VSD. Similarly, Maagaard et al. [25] found similar peak HRs in their group of unrepaired VSD patients compared with a healthy control group, suggesting that the chronotropic limitation might be a result of the surgery. HR recovery 60 s after exercise cessation was not different between the healthy controls and the patients. HR reserve Significant difference between groups after Bonferroni correction for multiple comparisons. HR reserve : heart rate reserve; HR peak : maximal heart rate at peak exercise; HRR 60 : heart rate recovery 1 min into recovery; SD: standard deviation; VO 2peak : peak maximal oxygen consumption; VSD: ventricular septal defect. was higher in healthy controls compared with patients. However, resting HR from the ambulatory measurements and peak HR at peak exercise were not different. Therefore, the difference found may be caused by higher HR in the patients measured before the start of exercise (pre-exercise versus true resting HR). Exercise tests were performed at different locations where the preexercise protocol differed slightly; healthy controls were instructed to sit on the bike for 3 min before measuring the resting HR, whereas this was not done in the patients. To our knowledge, no other studies investigated HR recovery and HR reserve in paediatric patients after surgical VSD repair. In summary, the similar HR dynamics between the patients and the controls endorse the findings of the unchanged ambulant cardiac ANS activity in these patients. However, altered cardiac ANS function may still play a role in disease progression later in the life of these patients. Therefore, we do recommend studying cardiac ANS in adults with congenital heart disease. Our study found a significantly diminished exercise capacity in patients compared with the controls (Table 4) . Reybrouck et al.
[26] demonstrated a reduced exercise capacity shortly after repair. The most recent study on this subject by Heiberg et al.
[27] describes a lower exercise capacity 20 years after VSD repair. According to several studies including ours, patients were as physically active as their healthy peers [22, 25, 26] . Thus, physical activity cannot explain the difference in exercise capacity found in this study. The diminished CO, however, may partly explain the difference in exercise capacity.
Immediately and 1 year after operation, Klitsie et al. [28] found decreased RV function. The current study shows that RV function is still reduced in these patients after 10 years. Heiberg et al. [29] also reported reduced RV function 20 years after repair. Potentially, exposure of the heart (especially the ventrally situated RV) during sternotomy could have had irreversible effects on the myocardium. Prognosis after surgical repair of a VSD is generally believed to be excellent, but here we showed using advanced techniques, that subtle differences in cardiac performance were present 10 years after repair. No relationship was found between cardiac function measured by echocardiography and cardiac ANS activity. Cardiac ANS activity does not seem to play a role in the decrease of RV function in childhood after VSD. To our knowledge, this study is the first to describe 24-h CO deviations in patients after VSD repair. A stepwise increase was seen with increasing physical activity in both the patients and the controls; however, in all ambulatory conditions, the CO of patients was consistently lower. It remains unclear whether these differences are related to long-term sequelae in these patients, but CO is a core measurement in the clinical evaluation of cardiac patients [30] .
Limitations
A limitation of our study is the use of PEP as a measure of cardiac SNS activity; it is the best possible measure in an ambulatory setting, but it is certainly not the gold standard. PEP is sensitive to changes in cardiac preload through the Frank-Starling mechanism that influences contractility independently of SNS activity. An increased cardiac afterload may also prolong PEP independent of SNS activity. As changes in the preload and afterload due to posture, temperature of the environment and physical activity are inherent to ambulatory monitoring in a naturalistic setting, PEP will not perfectly reflect SNS activity. Another limitation is that the ambulatory ANS data were pooled in 5 conditions, which may introduce heterogeneity within these conditions. However, it is necessary to pool the ambulatory conditions to compare data between subjects. A final limitation of this study is the small sample size.
CONCLUSION
The unchanged ANS control is reassuring since multiple studies identified altered cardiac ANS function as a key factor in the risk of cardiac morbidity and mortality in cardiac patients. However, our study shows that even in this small group of patients with a simple form of congenital heart disease that is generally seen as 'cured' after surgical repair, the long-term effects might be not as benign as previously suggested. This study shows subclinical reduced RV function and reduced exercise capacity 10 years after surgical repair, which is expected to either remain constant or deteriorate further. Cardiac function and regenerating capacity of the heart is known to be negatively affected by ageing. Later in life, ageing may affect patients more than individuals without a history of congenital heart disease as their cardiac function is already lagging slightly. Therefore, patients should be advised to stay physically active, and systematic follow-up in a congenital heart disease centre should be continued into adulthood to detect adverse outcomes in a timely fashion.
